Hardwoods constitute an essential renewable resource for the production of platform chemicals and biobased materials. A method for the sequential extraction of hemicelluloses and lignin from hardwoods is proposed using subcritical water in buffered conditions without prior delignification. This allows the cascade isolation of mannan, xylan and lignin-carbohydrate complexes based on their extractability and recalcitrance in birch lignocellulose. The time evolution of the extraction was monitored in terms of composition, oligomeric mass profiling and sequencing of the hemicelluloses, and molecular structure of the lignin and lignin-carbohydrate complexes (LCCs) by heteronuclear single quantum coherence nuclear magnetic resonance (2D HSQC NMR). The minor mannan and pectin populations are easily extractable at short times (<5 min), whereas the major glucuronoxylan (GX) becomes enriched at moderate extraction times. Longer extraction times result in major hydrolysis exhibiting GX fractions with tighter glucuronation spacing and lignin enrichment. The pattern of acetylation and glucuronation in GX is correlated with extractability and with connectivity with lignin through LCCs. This interconnected molecular heterogeneity of hemicelluloses and lignin has important implications for their supramolecular assembly and therefore determines the recalcitrance of hardwood lignocellulosic biomass.
Introduction
Lignocellulosic biomass is the most abundant renewable resource on Earth and constitutes the cornerstone in the production of sustainable materials, chemicals and energy with a balanced carbon cycle. 1, 2 Wood lignocellulose consists of a complex network of oriented cellulose microfibrils embedded in a tightly intertwined matrix of hemicelluloses and lignin. 3 In hardwoods, glucuronoxylans (GX) are the most abundant hemicelluloses, although glucomannans (GM) are also observed in minor amounts [4] [5] [6] (Fig. 1A ). Lignin is a disordered polymer with large structural diversity, which accounts for 20-30% in lignocellulosic biomass. Lignin consists of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units linked by various interunit linkages (Fig. 1B ), S and G units linked by β-O-4 bonds being the most abundant in hardwoods. 7 Biomass recalcitrance comprises the multiscale structural features that hinder the conversion of the biomass components into the final desired products. 2, 8, 9 Lignocellulose recalcitrance is determined by the composition and molecular structure of the individual components (cellulose, hemicellulose, and lignin), and the nature of their intra-and intermolecular interactions. 10, 11 The molecular structure of hemicelluloses plays an important role in modulating the association with cellulose microfibrils [12] [13] [14] [15] and the occurrence of covalent linkages with lignins forming so-called lignin carbohydrate complexes (LCCs) (Fig. 1C) . 16, 17 Although the occurrence of LCCs is still under debate due to questionable isolation procedures and low frequencies of detected bonds, recalcitrance in biomass fractionation has partly been attributed to these covalent linkages.
The economic viability of lignocellulosic biorefineries relies in the development of a multi-product portfolio. While cellulose has been widely exploited in the paper and pulp industry, the transformation of hemicellulose and lignin into high value products has been considered recently. Hemicelluloses in polymeric form display film-forming and oxygen barrier properties comparable to synthetic polymers together with excellent rheological properties, 18, 19 with potential applications in the packaging sector and as texturizing agents. On the other hand, the use of lignin in material systems has not been very successful due to the molecular heterogeneity of available technical lignins 20 and molecular mass dispersity. [21] [22] [23] Large research efforts have been undertaken on unlocking the potential of lignin, 24 such as its use in polymer systems, 25, 26 its thermal and catalytic valorisation, 27, 28 and the preparation of lignin-based nanoparticles. 29 Most of the abovementioned works have however been performed on technical lignins as Kraft and Organosolv lignins. However, studies of novel lignin streams originating from greener processes such as sub-or supercritical water extractions are still scarce. Recent research suggests that the dissolved lignin from such systems are less complex in structure than conventional ones, and are more similar to native lignins. 30 Subcritical water extraction (SWE), also referred to in the literature as pressurized hot-water extraction, is a process based on the solubilisation of macromolecules in liquid water at increased pressure and temperature without any hazardous chemicals. 31 Under subcritical conditions, the density, surface tension, polarity, viscosity and diffusion of water change, and the mass transfer during extraction is enhanced. SWE is an important strategy for wood fractionation, as hemicelluloses can be separated for added value products, while the residual cellulose-rich solid can still be further processed. [32] [33] [34] In this study we have evaluated the capacity of SWE, performed in a sequential manner and without previous delignification, to selectively extract high yields of high molecular weight hemicelluloses and lignin from birchwoods. Structural changes in the extracted fractions have been monitored by mass-spectrometric (MS) approaches and nuclear magnetic resonance (NMR), in order to correlate molecular structure, connectivity of the lignocellulosic components, and extractability. The influence of the hemicellulose substitution pattern (acetylation, glucuronation) and the connectivity between hemicelluloses and lignins on the recalcitrance of hardwoods has been assessed. This fundamental understanding contributes to the development of sustainable processes for the fractionation of wood biopolymers in integral lignocellulosic biorefineries.
Results and discussion
Sequential subcritical water extraction of hemicelluloses and lignin: mass balances, composition, and molar mass distributions
We have proposed a sequential SWE process under buffered conditions from defatted birch chips without delignification to maximize the extraction of hemicellulose populations, minimize potential deacetylation and autohydrolysis, and evaluate the connectivity between lignin and hemicellulose (Fig. 1D) . Preliminary assays were performed on the defatted birchwood chips in order to set the temperature conditions at 170°C, and to optimize the duration of the consecutive cycles of SWE yielding extracts B1-B6 (data not shown). These conditions are comparable to similar procedures reported for the extraction of polymeric xylan from birchwood. 33, 35 Table 1 shows the yields, composition and average molar mass of the starting birch chips (BC), the extracts (B1-B6) and the residue (R). After the SWE process, 68.5 wt% of the initial material is left in the residue, which indicates that the extraction yielded around 30 wt% of total dissolved solids, 23.6 wt% of them in B1-B6 as high molecular weight extracts (Table 1) . From the mass balances, approximately 8% of the total material was lost in the extraction process; this corresponds with a low molar mass fraction that was essentially discarded during the dialysis of the extracts B5 and B6 (data not shown).
The lignin content and the monosaccharide composition profiles after acid hydrolysis from the sequential extracts show interesting differences with time (Fig. 1E) . Hemicelluloses are primarily extracted throughout the sequential process, with an interesting evolution of the mannan and xylan compositions. Cellulose was not detected in the subcritical water extracts and was highly enriched in the residue. The absence of cellulose in the SWE extracts was verified by comparison of the monosaccharide composition after methanolysis and sulphuric acid hydrolysis (ESI Fig. S1 †) . Extraction of lignin, on the other hand, increased significantly at longer exposure times (Fig. 1E , Table 1 ). The molar mass profiles of the different extracts indicate that most of the fractions yield polymeric populations between 10 4 and 10 5 Da (Fig. 1F) , although the occurrence of degradation is significant for longer extraction times. The comparison of the refractive index (DRI) and ultraviolet (UV) detection traces gives indirect evidence of the interconnectivity of the hemicellulose and lignin fractions in the molar mass distributions (ESI Fig. S2 †) . Mannan was preferentially extracted at short times (<5 min), being the major component in extract B1. Pectic components are also enriched in extract B1 compared to the later extracts. Mannan is a minor hemicellulosic component in hardwoods (between 3-5 wt%), 36 in agreement with the monosaccharide composition of our birch chips (ESI Table S1 †). Hardwood mannans are described as acetylated glucomannans, with reported mannose-to-glucose (Man : Glc) ratios of 2.1-2.4 : 1 for birch and degree of acetylation (DS ac ) of 0.2-0.3.
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A bimodal molar mass distribution is observed for extract B1, indicating the presence of large populations of apparent molar masses between 10 5 -10 6 Da, and smaller populations centered at 5000 Da. These populations have been ascribed to large charged polysaccharides ( probably colloidal particles and or pectic substances) and neutral O-acetylated glucomannan with degree of polymerization of 15, respectively. 5 These mannan populations are easily extractable from the hardwood tissue, which may be related to their localization and structural role in the secondary cell wall of angiosperms. 37, 38 Xylan is the major hemicellulose in hardwoods, representing 30 wt% in the birchwood chips. Most part of this xylan (56.1%) is extracted in form of high molar mass polysaccharides throughout the entire SWE process (Table 1) . Xylan is preferentially extracted in extracts B3 and B4 with high purity (around 95 wt% of the total carbohydrate content) and a stable and relatively high molecular weight (ca. 20 kDa; Fig. 1F) . These values are, to the best of our knowledge, the highest reported in terms of yields and purity of polymeric xylan obtained by SWE, and similar to the overall hemicellulose extracted by a similar hydrothermal treatment. 30 The molar mass of the extracted xylans are also close to values comparable to traditional alkaline extracted xylan. 39 This might be due to both efficient pH control due to the inclusion of a buffering system and the removal of saturated solutions in consecutive extraction cycles, which results in an increase of the dissolution rates and less exposure of extracted materials to the harsh extraction conditions. Although recovery of 99% of all xylan has been achieved in some studies, this only happens at the expense of extensive depolymerization to mono-or oligosacchararides. 40, 41 Other studies reported high molar mass values and absence of lignin in the extracts at lower extraction temperatures, but at the expense of much lower xylan yields. 41, 42 A compromise between molar mass, yield and purity is achieved at increased temperature and controlled mildly acidic pH. On the other hand, the similar composition and molar mass in the extracts B2-B4 indicates that the extraction at these time scales (0-60 min) is rather governed by the mass transfer and diffusion kinetics of the xylan polymers from the woody tissues to the subcritical water liquid phase. That would also explain why non-consecutive extraction under prolonged times does not improve yield or purity (data not shown). Hence, consecutive cycles are necessary in order to optimize the solid to liquid ratio while maintaining a high rate of extraction. In extracts B5 and B6, however, longer cycles are needed to keep up with the extraction yields. In these cases, the extracts show a drastic decrease in the molar mass, which indicates the occurrence of hydrolytic processes causing depolymerization (Fig. 1F ). Even after 4 h extraction, 30% of all xylan remained in the residue. This evidences the recalcitrant structure of the secondary cell wall and suggests the existence of distinct crosslinked domains in xylan. These differences may be ascribed to the molecular structure of birch GX in terms of glucuronosyl (mGlcA) and/or acetyl (Ac) substitution patterns, which in turn govern the molecular and supramolecular interactions with cellulose and lignin. Interestingly, the glucuronic acid to xylose molar ratio (mGlcA : Xyl) in the extracts increases with extraction time (Table 1) . The acetyl content, on the contrary, drastically decreases with extraction time in the xylan rich extracts (B2-B6). In addition to this, the contribution of lignin to the total yields is increasingly higher at longer extraction times in extracts B5 and B6 (Fig. 1E , Table 1 ). This suggests the connectivity of xylan to lignin as it has been suggested for SWE pre-treated woods 43 and their role in hemicellulose recalcitrance.
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Oligomeric mass profiling (OLIMP) of acetylation and glucuronation in birch GX during sequential SWE
In order to monitor the distribution of acetyl and mGlcA side groups in birch GX during the sequential SWE, intact and chemically deacetylated extracts were subjected to enzymatic digestion with a β-glucuronoxylanase (GH30). This enzyme specifically releases aldouronic acid oligosaccharides (UXOs) based on the recognition of the mGlcA substitution at the −2 position of the enzymatic active site, which enables the identification of the glucuronic acid spacing ( Fig. 2A) . 44, 45 The oligomeric mass profiling (OLIMP) of the digested UXOs was analysed by electrospray mass spectrometry (ESI-MS). The chemically-deacetylated extracts were evaluated to investigate the potential steric hindrance of the acetyl groups on the enzymatic action of the glucuronoxylanase (Fig. 2B) . A distribution of UXOs in the deacetylated xylan with mGlcA spacing every 3 to 8 xylose units can be observed, with a major relative intensity of X 5 mU (a mGlcA unit every 5 Xyl units). The relative abundance of smaller UXOs (X 3 U and X 4 U) increases compared to the X 5 U-X 8 U signals in the more recalcitrant xylan extracts (B5 and B6; Fig. 2B ), in agreement with the higher mGlcA : Xyl ratio with increasing extraction time ( Table 1) . This heterogeneous spacing of mGlcA substitutions contrasts with the consistent pattern of glucuronation and arabinosylation a Yields determined gravimetrically and referred to the original birch chips. b Determined from the complete monosaccharide composition (Table S1 ).
c Determined from the Klason lignin and the acid soluble lignin. d Determined after saponification and liquid chromatography (HPLC-UV).
e Determined by size-exclusion chromatography (SEC). n.a: not applicable; n.d.: not determined.
recently reported for gymnosperm xylans. 13, 15 The mGlcA spacing differs as well from the one reported for GX from wildtype Arabidopsis thaliana (A. thaliana) stems. Instead, the mGlcA spacing is similar to the glucuronation pattern described by a specific glucuronosyl transferase (GUX2) from A. thaliana. GUX2 yields glucuronosyl side groups every 4-7 Xyl units with a higher abundance of the X 5 mU spacing pattern, in contrast with the evenly-spaced glucuronation pattern generated by another glucuronosyl transferase GUX1. 45, 46 No double glucuronated UXOs were detected in the GX extracts from birchwood; these unusual patterns were identified in our previous study in arabinoglucuronoxylan (AGX) from spruce wood. 15 To study the evolution of the acetylation pattern with extraction time, OLIMP analysis was performed on the extracts without deacetylation (Fig. 2C) . It is worth mentioning that non-acidic xylo-oligosaccharides (XOs) were detected for both deacetylated and acetylated GX extracts (marked with # in the ESI-MS profiles, Fig. 2B and C) , especially for the recalcitrant extracts B5 and B6. These XOs were present prior to GH30 digestion and correspond with fragments released from the GX backbone during the SWE. Similar mGlcA spacing can be observed in the acetylated samples compared to the deacetylated ones, with abundance of acetylated X 5 U isomers for the initial extracts (B1-B4), and a relative increase in shorter UXOs at longer times (B5 and B6). Previous studies on xylan acetylation in A. thaliana suggested that acetyl groups may hinder enzymatic access 47, 48 and that the GH30 xylanase can recognize acetyl groups and cleave xylan even in the absence of mGlcA. 49 The absence of non-glucuronated XOs after enzymatic digestion and the similar distribution of UXOs in the original and deacetylated extracts suggest that acetylation did not affect enzymatic activity. The relative abundances for each specific acetylated UXO isomer was evaluated as the sum of the ESI-MS peak intensities for all m/z adducts corresponding to each specific isomer (Fig. 2D) . During the first stages of extraction (B1-B3), there is a distribution of differently acetylated isomers for each X n U species, corresponding to an average of 1 acetyl group per 2-3 xylose units. This is in agreement with findings in A. thaliana, where acetyl groups were found mostly, but not exclusively, every 2 xylose units. 49 In extracts coming from prolonged extraction time (B4-B6), acetylation drastically decreases, correlating with the results in Table 1 . This decrease might indicate differences in the acetylation pattern in distinct xylan domains, or might arise from deacetylation with prolonged extraction times. Considering the very low amounts of acetyls in the residue, it is clear that a substantial fraction of acetyl groups was lost in the low molecular weight fractions B5 and B6. Interestingly, the acetylation profile of the extracts does not show a progressive linear tendency during sequential extraction. Indeed, X 5 UAc 3 is the most abundant isomer in the initial extracts B1-B3; X 5 UAc and X 5 UAc 3 become the most abundant isomers in B4, and a major abundance of X 5 UAc is observed for the latter extracts B5 and B6. This suggests that birch GX shows a controlled acetylation pattern, that deacetylation of GX during SWE is not random, or both.
Carbohydrate sequencing reveals that acetylation and glucuronation are interrelated in birchwood GX
OLIMP by ESI-MS enables the evaluation of the acetylation and glucuronation profiles in birch GX, but it does not provide the internal position of the acetyl and mGlcA groups in the UXOs, which could reveal the existence of any substitution patterning or correlation between acetylation and/or glucuronation. To achieve this, the acetylated aldouronic acid isomers were separated and sequenced using liquid chromatography with electrospray tandem mass spectrometry (LC-ESI-MS/MS). Based on the OLIMP profiles, samples B3 and B5 were selected as representative examples of two xylan populations with different extractability. The separation and oligosaccharide sequencing for the most representative isomers, namely X 5 UAc n and X 4 UAc n , are shown in Fig. 3 and Fig. S3 , † respectively. The single ion monitoring (SIM) chromatogram at m/z 1012 corresponding to the non-acetylated isomer X 5 mU shows only one peak as expected, with higher intensity for the B5 extract ( Fig. 3A and B) . ESI-MS/MS fragmentation of the isomer (Fig. 3C) confirms the position of the mGlcA side group at the Xyl unit in the −2 position (XXXU 4 m 2 X), in agreement with the cleaving mechanism of the enzyme. 44 Surprisingly, the SIM chromatograms for the X 5 UAc n isomers exhibit much simpler profiles than expected, taking into account the statistical theoretical number of acetylated UXO isomers for each m/z ratio based on the multiple positions of the acetyl groups ( Fig. 3A and B) . The chromatogram at m/z 1054 (X 5 mUAc) displays one significant peak for both B3 and B5 extracts. The fragmentation allows the univocal sequencing of the XXXU 4 m 2+3a X structure and reveals the specific placement of the acetyl group at the same Xyl unit carrying the mGlcA substitution in the −2 position (Fig. 3C) . The same behaviour is observed for the X 4 mUAc isomer at m/z 1054 (XXU 4 m 2+3a X) (Fig. S3 †) . Interestingly, the triply acetylated aldouronic acid isomers (X 5 mUAc 3 ) at m/z 1138 only display one isomeric peak in the SIM chromatograms ( Fig. 3A and B (Fig. S3 †) . Unfortunately, ESI-MS/MS fragmentation does not allow the assignation of the regioselective position of the Ac group within the Xyl ring. However, the sequencing reveals the specific and controlled position of the Ac groups in the acetylated UXOs and the correlation between acetylation and glucuronation in birch GX. This involves the consistent presence of an O-3-Ac group in the Xyl unit carrying mGlcA and potential additional Ac groups in even positions from the Xyl unit carrying mGlcA. This distinct pattern in birch GX agrees with previous findings suggesting that Ac groups are preferably evenly spaced on every other Xyl unit in GX from A. thaliana.
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The abundance of acetylation and glucuronation differs significantly in the extracts, suggesting the existence of heterogeneous xylan structures with distinct substituted domains. For the GX populations extracted during the initial stages (B2-B4), with stable composition and molecular weight, the decrease in acetylation might be due to inherent structural differences in the native GX or due to chemical deacetylation during SWE. The mGlcA seems to stabilize the acetyl group in the same xylose unit, while acetyl groups at position −4 are progressively lost (Fig. 3A and B) . In B5 and B6, as the even spacing of acetylation is maintained, the higher abundance of X 3 U and X 4 U UXOS with tighter mGlcA spacing might be linked to domains with lower acetylation. The results evince the possibility of tuning the SWE process to extract fractions with targeted acetyl content, which influence solubility and other physico-chemical properties of the extracted hemicelluloses.
Insights on hemicellulose acetylation, lignin structure and LCC complexes by heteronuclear single quantum coherence nuclear magnetic resonance (2D HSQC NMR)
In order to gain more knowledge about the structural evolution during SWE of birch wood and the role of the glucuronation and acetylation patterns in birch GX on the interactions with lignin, 2D HSQC NMR analysis was performed in all native extracts (Fig. 4) . The assignment of the main 13 Tables S3-S5 † for the lignin, LCCs, and carbohydrate structural units, respectively. The main carbohydrate signals can be assigned to the hemicellulose populations, corresponding typically to partially acetylated GX and GM. The relative abundance of the mannan and xylan signals in the 2D HSQC NMR plots is in agreement with the compositional analysis, with acetylated GM being enriched in the extract B1, and acetylated GX in the later extracts. 2D HSQC NMR enables the semi-quantitative determination of acetylation regioselectivity, providing the abundance of the acetyl groups in the O-2 (X 2Ac , M 2Ac ), O-3 (X 3Ac ), and O-2,3 (X 2,3Ac ) units in the xylan and mannan backbone (Table 2) . Acetyl quantification by NMR offers comparable results to the degree of acetylation obtained by HPLC. Sample B1 exhibits heavily acetylated mannan populations, in agreement with previously characterized acetylated GM from birch and aspen. 5 In addition, highly acetylated GX is also extracted in this fraction, in agreement with xylans extracted from ball-milled birch. 16 For the xylan-rich extracts B2 and B3, the decrease in acetylation in the O-3 or O-2,3 Xyl units is less noticeable than in O-2 acetylated Xyl units (Table 2 ). It is difficult to discern whether the differences are a result of chemical deacetylation of potentially more labile 2-O-Ac groups, or to real structural differences within xylan domains. The decrease in 2-O-Ac groups is not so evident in the LC-ESI-MS/MS profiles (Fig. 3A) , which might be due to the fact that the GX domains bound to lignin are not hydrolysed by the GH30 xylanase and therefore might escape analysis. The lignin structure in the extracts displays a substantial abundance of syringyl (S) compared to guaiacyl (G) units interconnected mostly by β-O-4 linkages ( Table 2 ). This is in agreement with the typical lignin structure in hardwoods 7 and is specifically in good agreement with recent analysis on birch wood lignins. 16 The S/G ratio is normally used to gain insight on the monomeric composition of lignin. Here, we notice that most of the fractions have an S/G ratio between 4 and 5 with the exception of the B1 lignin, with a value of 2.4. The ratio of 5 has been reported to be an artefact resulting from incomplete solubility in d6-DMSO prior to NMR analysis, and was shown to decrease to a value of about 3 when solubility was complete upon acetylation of the fraction. 16 Thus, S/G ratios observed in B1 fraction are typical of native hardwood lignins. The aryl ether structures are mostly maintained throughout the extraction process until longer extraction times are reached (extracts B5 and B6), where a relative increase of the β-β-resinol structures is observed. Such inter-unit linkages involving carbon-carbon bonds are generally stable at several technical conditions. This increase is likely a result of an enrichment of carbon-carbon inter-unit linkages at the expense of the partial cleavage of aryl ether linkages. 30, 54 The prevalence of high β-O-4 linkages is possibly attributed to the buffered system during SWE. The pH drop caused by deacetylation during SWE has been suggested to induce both acidolytic cleavage of aryl ethers leading to depolymerisation, and condensation reactions leading to increased levels of carboncarbon inter-units in lignin. 30, 54 The spirodienone structure (SD, Table 2 ) is known to be sensitive and would convert to β-1 type structures, which unfortunately may overlap with signals from β-5 type structures. The presence of SD in extracts B1 and B2 may thus indicate that these lignins are probably more native in structure. The β-5 content in hardwoods is generally low and some fractions are devoid of such structures, while the last fraction (B6) had the highest levels. This suggests that β-5 structures constitute part of the recalcitrant network of structures, which are extracted later. Three types of lignin-carbohydrate bonds are described in the literature, namely phenyl glycoside (PG), benzyl ether (BE) and gamma ester (GE) linkages (Fig. 1C) . 55 PG can be clearly observed in the initial extracts (B1 and B2) and they are barely noticeable at longer extraction times. The glycosidic bond in this case is between C1-O of a Xyl and Man unit and C4 of lignin, assigned according to previous work. 56 This result is consistent with recent reports where PGs were extracted from birch at conditions as mild as 80°C. 16 It can thus be concluded that these were not created during the SWE treatment. The early extraction of PG suggests that these LCCs are the most easily accessible and soluble. Similarly, γ-ester linkages were detected in the early extracts (B1). These esters are ascribed to linkages between mGlcA and γ-carbon of lignin.
C-1 H HSQC correlation signals is presented in the ESI
The presence of such γ-ester LCCs in the initial extracts has implications for the MS profiling discussed earlier. The mGlcA moieties bound to lignin are likely to be inaccessible to the enzymatic action and therefore will be undetectable by our MS profiling. Since γ-ester LCCs have been reported to arise from the linkage to mGlcA side groups, it seems that a population of them are easily extracted and are not detected at longer extraction times. On the other hand, benzyl ethers begin to appear in the extracts towards the end of the extraction in B5 and B6 fractions. In the B6 extract, where the BE signals are strongest, the β-O-4 content was lower. It is likely that cleavage of some β-O-4 in lignin and glycosidic bonds in hemicellulose, both within the LCC network, rendered the molecule soluble with retained BE linkage. This is also manifested in the SEC of the B6 sample (Fig. 1F) . The BEs observed in our study are associated with both pentose and hexose units and could be linked to both Xyl and Man units. The BEs are mainly linked through C2, C3 or C6 hydroxyls of the sugar units. In the case of xylan, only C2 and C3 are available. However, if these are heavily acetylated as we observe, the probability of BE formation is limited and may explain the lower prevalence of BE to xylan when compared to softwoods, as discussed and experimentally evidenced in recent work. 16, 30 These results suggest the evolution of extracted LCC with time, starting with phenyl glycosides and γ-esters and ending with benzyl ethers. However, this should be verified by the investigation of the residues, which is a subject for future studies.
Implications of the SWE process for birchwood recalcitrance and for the targeted isolation of hemicellulose and lignin populations
Our proposed sequential SWE protocol without previous delignification, together with the advanced characterization of the fractions by MS-based carbohydrate sequencing and 2D NMR offers new insights on the organization and connectivity of the hemicellulose and lignin populations, and their influence on lignocellulose recalcitrance in birchwood (Fig. 5) . Glucomannan populations are easily extractable at short times, which could be related to their higher mobility in the lignocellulosic network and weaker connectivity to cellulose and lignin. On the other hand, glucuronoxylan is progressively enriched at longer extraction times (extracts B2-B4), with relatively stable purity, composition and molecular weight. Hemicellulose acetylation seems to exert an important role on the properties and connectivity of the hemicelluloses, and therefore on biomass recalcitrance. The highest degree of acetylation in extract B1 may be correlated with the mobility of the mannan and xylan populations, which may favour their diffusivity and extractability at shorter times. It is known that the solubility of GX is highly dependent on the acetylation degree. Non-acetylated xylan is not water soluble due to aggre- a The DAc was calculated on the basis of the xylose content and assuming all acetyl groups in these extracts are part of the xylan. The nomenclature corresponds with Fig. 1 and 4 . Note: n.c.: not calculated. gation, while high degrees of acetyl-substitution (DAc ≥ 2) again render xylan chains insoluble. 57 Oligosaccharide sequencing reveals the link between glucuronation and acetylation spacing in GX, with the acetyl groups predominantly evenly spaced with respect to the mGlcA. This may indicate an important role modulating the interactions with cellulose surfaces, as previously reported. 12, 14 The decrease in acetylation may be caused by autohydrolysis despite the buffered pH used in the extraction. However, the acetyl unit adjacently placed to the mGlcA is relatively stable to degradation, which might indicate a role in regulating LCC formation, as previously suggested. 16 In a similar manner, the acetyl presence at C2
in the later extracts could be a result of protection from lignin attached at C3 as BE. For the more recalcitrant xylan populations (extracts B5 and B6), tighter glucuronation spacing is observed, together with a reduction of the acetylation. This tighter mGlcA spacing may have a role with the connectivity with lignin. However, a derived increase in the γ-ester LCCs is not observed. It is likely that the tighterspaced uronic acids forming γ-ester and benzyl ethers are part of the same molecule, so when the ester linkage is cleaved during SWE, the mGlcA is retained in the non-dissolved residue due to the recalcitrant BE populations ( present on the same molecule). These will only be released when the BE is dissolved through cleavage of aryl ethers and glycosidic bonds in hemicelluloses.
The lignin-carbohydrate complexes have a fundamental role in determining the recalcitrance of hardwoods towards hydrothermal treatment. In this study we can observe that phenyl glycosides are initially extracted with the hemicelluloses during the first stages, whereas γ-esters are progressively cleaved during the extraction, and finally benzyl ethers arise at longer extraction times. On a similar study using autohydrolysis at 180°C of another hardwood, all three LCC types were detected in the solution phase, which could be due to the substantial cleavage of labile lignin-lignin bonds and glycosidic bonds in hemicelluloses at the higher treatment temperatures. 58 On the other hand, SWE performed at 160°C on Norwegian spruce and birch showed that the phenyl glycosides were enriched in the extracts while benzyl ethers and γ-esters were enriched in the residue, suggesting the role of stable ester and ether bonds in retaining the hemicelluloses linked to hydrophobic lignin in the residue. 30 This again reinforces the role of LCCs in modulating the resilience of lignocellulosic biomass and the importance of tuning the temperature during SWE for the selective release of hemicellulose and LCC populations. Finally, lignin structure also plays a role in extractability during SWE. Stable content of β-O-4 linkages can be observed at shorter extraction times with a relative decrease at longer exposure, which correlates with a relative increase of the resilient β-β-resinol structures. The implementation of the SWE process has the potential to provide well-defined hemicellulose fractions in terms of molecular structure and composition. Hemicellulose extraction by SWE has been already reported to be scalable, with the possibility of energy recovery and the use of ultrafiltration systems to concentrate extracts and re-use the effluents. 33 Of course, the technical and economic feasibility will be affected by the sequential nature of the extraction process, and in the end the cost-effectiveness will fully depend on the value of each of the extracts. Further life cycle cost analyses of the sequential process should be performed to cast light on the economic feasibility of the sequential process.
Conclusions
Sequential subcritical water extraction of birchwood using a buffered extraction solvent without previous delignification shows outstanding potential to extract specific hemicellulosic fractions with high yields, purity, and molecular weight. The different extractability of the hemicellulose populations and the control of the extraction times enable the targeted isolation of mannan and xylan populations with controlled glucuronation and acetylation. Mannans could be selectively extracted first, followed by high molar mass xylans with controlled substitution pattern, thus further tuning the solubility and physicochemical properties. These products might be of great potential interest in the food and packaging industry, as texturizing agents or high barrier packaging reinforcements. 18, 19 The sequential extraction process using subcritical water is energy efficient, scalable and environmentally benign, and would add valuable fractions to the production chain of wood processing industries, increasing their competitiveness.
The combination of MS-based glycomic sequencing techniques with 2D HSQC NMR provided valuable information about the intramolecular substitution pattern of xylan (acetylation, glucuronation) and its potential role in the supramolecular assembly of birch hardwood, and lignocellulose recalcitrance. The correlation between acetylation and glucuronation in GX from birchwood is demonstrated, with consistent acetylation of xylose units carrying an mGlcA side group and further evenly spaced 2-O and 3-O-acetylations. This regularly-spaced distribution of acetylation may have an important role in modulating the association with cellulose surfaces, in agreement with similar results from model plant A. thaliana 12, 14 The sequential SWE also reveals the existence of different xylan domains in birchwood, which could be separated by their recalcitrant nature. The more recalcitrant xylan populations show tighter glucuronation spacing and reduced acetylation, together with further additional lignin interactions by more stable benzyl ether linkages at the expense of depolymerization. This suggests that gamma esters and benzyl ethers maybe closely spaced in the molecule. This study offers new insights on the interconnected molecular features of hemicellulose and lignin structure that control recalcitrance during hydrothermal treatment, with fundamental implications for the development of 2 nd generation biorefineries for the integral exploitation of the cellulose, hemicellulose and lignin components in hardwoods.
Experimental

Materials, extraction, and purification
Birchwoood chips (Betula pendula) were milled to sawdust (below 1 mm particle size) and washed consecutively with acetone and ethanol. The extractive-free sawdust was subject to SWE at pH 5 (formate buffer 0.2 M), 170°C and 100 bar in a pressurized liquid extraction equipment (ASE-300, Dionex, USA). Extraction was carried out for 4 hours in total after consecutive cycles of 5, 15, 20, 20, 60 and 120 min, yielding extracts B1 to B6, respectively (Fig. 1D) . The extracts were subjected to dialysis using Spectra/Por 3 membranes (Spectrum, USA) with a molecular weight cut-off of 3.5 kDa were used to remove salts and low molecular weight (LMW) molecules. The high molecular weight fractions were subsequently freezedried for further analysis.
Compositional analysis of the wood fractions
Monosaccharide composition. The sugar composition of the extracts was determined after acidic methanolysis 59, 60 and sulfuric acid hydrolysis. 61 For methanolysis, freeze-dried samples
(1 mg) were incubated with 1 mL of 2 M HCl in dry methanol for 5 h at 100°C. Samples were then neutralized with pyridine, dried under a stream of air, and further hydrolyzed with 2 M TFA at 120°C for 1 h. The samples were again dried under a stream of air and dissolved in water. A two-step sulfuric acid hydrolysis was performed by incubating 4 mg of sample with 250 μL of 72% H 2 SO 4 at room temperature for 3 h; the solution was diluted with 1250 μL of deionized water and subsequently incubated at 100°C for 3 hours. The monosaccharides were analyzed using high performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) with a ICS-3000 system (Dionex) equipped with a CarboPac PA1 column (4 × 250 mm, Dionex), as previously reported. 62 The cellulose content was calculated by subtracting the glucose obtained from methanolysis from the total glucose as analyzed by sulfuric hydrolysis. 59 All experiments were carried out in triplicate. Acetyl content. The acetyl content was determined after alkaline saponification with 0.8 M NaOH at 70°C overnight using high performance liquid chromatography with UV detection at 210 nm (HPLC-UV; Dionex-Thermofisher, USA). 63 Separation was achieved with a ROA-Organic acid column (300 × 7.8 mm; Phenomenex, USA) at 50°C in an isocratic flow of 2.5 mM H 2 SO 4 at 0.5 mL min −1 .
Lignin content. The lignin content of the fractions was considered by Klason lignin, obtained as described by Effland, 64 together with acid soluble lignin. 65 The former was determined gravimetrically after acid hydrolysis of the extracts, whereas the latter was characterized by UV spectroscopy at 205 nm using an absorptivity of 113 g cm L −1 .
Molar mass distributions.
The molar mass distributions of the extracted arabinoxylans were analysed by size exclusion chromatography coupled to a refractive index detector (SECcurity 1260, Polymer Standard Services, Mainz, Germany). The extracted fractions were dissolved in the SEC eluent consisting of dimethyl sulfoxide (DMSO, HPLC grade, Scharlab, Sweden) with 0.5% w/w LiBr (ReagentPlus) at 60°C. The concentrations were adjusted between 0.5-2 g L −1 for optimized detection signal. SEC analyses were performed with a flow rate of 0.5 mL min −1 at 60°C using GRAM PreColumn, 30 and 10 000 analytical columns (Polymer Standards Services, Mainz, Germany). Calibration was performed using pullulan standards provided by Polymer Standards Services (PSS, Mainz, Germany).
Profiling and sequencing of glucuronoxylan in birch extracts
Enzymatic digestion and chemical deacetylation. Chemical deacetylation was achieved by incubation in 0.1 M NaOH and 10 mM NaBH 4 for 2 h at 80°C, subsequent neutralization with acetic acid, methanol wash, and air-drying. The xylan fractions were depolymerized using a GH30 endo-β-(1 → 4)-glucuronoxylanase (kindly provided by Prof. James F. Preston, University of Florida). End-point digestions were performed by incubating a 1 g L −1 solution of each extract with the enzyme (10 U mL −1 )
for 16 h at 37°C at the optimum pH of 5.5. After incubation, the solutions were boiled for 10 min, filtered, and kept at −20°C for further analysis.
Oligomeric mass profiling (OLIMP). Oligomeric mass profiling (OLIMP) was performed by electrospray ionization mass spectrometry (ESI-MS) using a Q-TOF2 mass spectrometer in positive mode (Micromass, UK). The hydrolysates were desalted with HyperSep™ Hypercarb™ cartridges (Thermofischer, UK), dissolved in 50% acetonitrile, 0.1% formic acid and directly infused through a syringe pump at a rate of 5 µL min −1 . Capillary and cone voltage were set to 3.3 kV and 80 V, respectively. Mass spectra assignation has been performed using ChemDraw. Oligosaccharide separation and sequencing by tandem LC-MS/MS. The digested oligosaccharides were chemically labelled and separated by liquid chromatography coupled with electrospray tandem mass spectrometry (LC-MS/MS, Micromass, UK). Derivatization was performed by reductive amination with anthranilic acid as previously described. 66 The labelled oligosaccharides were separated through a SB-C18 column (250 × 4.6 mm, Agilent Technologies) at a flow rate of 10 µL min −1 and a gradient of increasing acetonitrile content (10-40%) over 110 min. MS and MS/MS analysis was performed in positive mode at 3.3 kV and 45 V in the capillary and the cone, respectively. Argon was used as collision gas for MS/MS analysis of selected ions, at a voltage of 35-90 V, to analyze the fragmentation of the oligosaccharides. The assignation of the fragmentation spectra has been performed inhouse using ChemDraw.
NMR analysis
An amount of 100 mg of sample was dissolved in 750 µl of deuterated DMSO-d 6 . NMR spectra were recorded and processed as previously described. 67 All the C/H correlations of the studied inter-unit linkages are reported in ESI (Tables S3-S5 †) . Carbon 2 of aromatic groups, unsubstituted, was used as internal standard for the semi-quantification. 68 The central DMSO (δ C /δ H = 39.5/2.5 ppm), signal was used as an internal reference. Acetyl content was determined according to previous work. 30 Shortly, 2D HSQC integral values of acetylated carbon cross peaks were normalized by the integral of the anomeric region of the carbohydrates, combined with the molar percentage of the acetylated sugar obtained from HPAEC analysis.
Conflicts of interest
There are no conflicts of interest to declare.
